The combination of the latest and most precise measurements of several top quark properties is presented in this paper in order to establish allowed regions on anomalous contributions to the Lorentz structure of the W tb vertex. These measurements include single top production cross sections, W boson helicity fractions and forward-backward asymmetries, both at Tevatron and at the Large Hadron Collider, up to a center-of-mass energy of 13 TeV. The results obtained at 95% Confidence Level for the top quark anomalous couplings are compared with the limits extracted from a combination that includes the expected measurements at the future High-Luminosity run of the Large Hadron Collider.
I. INTRODUCTION
Since the beginning of operations, the Large Hadron Collider (LHC) has not found yet any solid sign of new physics beyond the Standard Model (SM) predictions. Even though all the experimental results from the LHC have shown remarkable consistency with those predicted by the SM, several questions remain unanswered. For example, it fails to explain the matter/anti-matter asymmetry of the Universe, the mass of neutrinos or to provide a candidate for dark matter. However, the fact that beyond the SM (BSM) phenomena may only exist at a higher energy scale, above the current and future reach of the LHC, imposes a strong limitation on the direct searches for new physics, such as a new fundamental particle or interaction. As an alternative, indirect searches offer a promising opportunity to grasp an early detection of a possible BSM physics signal. To this effect, both ATLAS and CMS have conducted extensive research programs over the past years to precisely measure observables that are highly sensitive to anomalous contributions to the W tb vertex. These anomalous couplings can be parameterized within an effective field theory approach, which includes dimension-six gauge-invariant effective operators [1] [2] [3] . In this framework, the most general W tb vertex is expressed as,
The coupling V L = V tb 1 and the anomalous couplings, V R , g L , g R are dimensionless, complex, and equal to zero at tree level, in the SM. Despite the fact that anomalous couplings are absent in the SM at tree level, they may receive non-zero contributions from BSM physics effects. These anomalous contributions can be tested in top quark decays by measuring the W boson helicity fractions and related observables, such as forward-backward asymmetries [4, 5] . Single top quark production cross section measurements are also sensitive to anomalous contributions to the W tb vertex, and can be used in combination with the aforementioned observables to establish allowed regions on the anomalous couplings [6] [7] [8] [9] [10] . It should also be mentioned that an effort was recently undertaken to establish common standards for the interpretation of top quark measurements within the SM effective field theory [11] . The High-Luminosity phase of the Large Hadron Collider (HL-LHC) is scheduled to start after 2025 and is projected to operate at a peak luminosity of ∼ 5 × 10 34 cm −2 m −1 , roughly 2 to 2.5 times higher than the current instantaneous luminosity at the LHC. The expected significant increase in statistics at the HL-LHC may allow the detection of rare SM physics processes or possible new physics signals, such as the production of four top quarks, top-anti-top quark (tt) resonances, Flavor Changing Neutral Currents (FCNC) top quark decays, Vector-Boson Fusion (VBF) Higgs production or the Higgs boson trilinear self-coupling, among others. The HL-LHC is also expected to have a significant impact on the increase of precision of several top quark properties measurements that have been under study at the LHC, such as the previously mentioned W tb observables. An extrapolation exercise is performed in this paper in order to estimate the expected increase of precision on the statistical and systematic uncertainties of these top quark observables. This exercise is performed assuming the SM hypothesis at a center-of-mass energy of 14 TeV and a total integrated luminosity of 3000 fb −1 at the HL-LHC.
In this paper, the most precise top quark measurements are used in a global fit to determine the anomalous couplings allowed regions at 95% Confidence Level (CL). The allowed regions are presented in different scenarios of measurements combinations performing a global fit, in order to show the importance of each particular observable in narrowing the limits of the anomalous couplings. These results are directly compared with the limits extracted from the combination of the current most precise measurements and with the expected measurements ob-tained from the HL-LHC extrapolation exercise.
II. CURRENT MEASUREMENTS AND HIGH-LUMINOSITY EXTRAPOLATION
The list of the W boson helicity measurements used in the global fit to the W tb anomalous couplings is presented in Table I , both at Tevatron [12] and at the LHC [13] . The overall correlation coefficient between the longitudinal and left-handed (right-handed) W boson helicity fraction measurements was found to be ρ = −0.55 (ρ = −0.86) at the LHC (Tevatron). These results are compatible with the SM prediction at next-to-next-toleading order (NNLO) in QCD [14] . The helicity fractions F L and F 0 are more sensitive to g R than to g L and V R , due to an interference term V L g * R , which is not suppressed by the bottom quark mass, as happens for the g L and V R couplings [15] . This linear term dominates over the quadratic one and makes F L and F 0 (and related quantities) very sensitive to g R .
W boson helicity fractions
Tevatron The measurements of the normal and transverse polarization forward-backward asymmetries, A N F B and A T F B , were also taken into account in the global fit together with the A F B asymmetry, associated with the angle between the lepton momentum in the top quark rest frame and the top quark spin direction (θ ). These forwardbackward asymmetries were measured by the ATLAS experiment [16] , using proton-proton collision data collected at a center-of-mass energy of 8 TeV, and are particularly sensitive to the anomalous couplings. In particular the imaginary part of g R has a linear dependence with the normal asymmetry and the top quark polarization (P t ), i.e. Measurements of single top quark production cross sections were also considered in the combination. The list of experimental measurements on the t-, W t-, and schannel is presented in Table III for Tevatron [17, 18] and for the LHC at different center-of-mass energies [19] [20] [21] [22] [23] [24] [25] [26] [27] . These results are consistent with the SM predictions [28] [29] [30] [31] [32] [33] [34] [35] . The measurement of the t-channel crosssection is especially important due to its sensitivity to the Cabibbo-Kobayashi-Maskawa quark mixing matrix element V tb . This measurement provides the most direct and precise probe of this coupling. The W t associated production cross section is also relevant, given its size at the LHC, which helps to constrain new physics that may change the structure of the W tb vertex. Its measurements were also included in the global fit, as well as the different results for the s-channel single top quark production cross sections. 23.1±3.6 4.8 The HL-LHC extrapolation of the observables presented in Tables I, II and III was performed assuming a center-of-mass energy of 14 TeV and a total integrated luminosity of 3000 fb −1 . The observable central values were set to their SM predictions. In the spirit of the recent ATLAS and CMS recommendations for the HL-LHC studies, the statistics driven sources and Monte Carlo event generation uncertainties were scaled according to the expected total integrated luminosity at the HL-LHC [36] . In practice the Monte Carlo related uncertainties become essentially negligible when compared with the other sources of error, given the foreseen large simulation sets. The theoretical and modelling uncertainties were tentatively extrapolated to half of the current value, once a better theoretical understanding of the studied processes is expected at HL-LHC. Intrinsic detector related uncertainties such as jets, electrons and photons energy scales and resolutions, muon and tau identification and reconstruction, or missing momentum and missing energy reconstruction, were considered to maintain their current value. While better reconstruction methods could be envisaged in the longer term, the fact that the events are detected in the busy environment of the HL-LHC is expected to degrade the overall reconstruction performance. The tagging of jets from the hadronization of b-quarks (b − tagging) is expected to be improved by a factor two, using novel techniques foreseen for the HL-LHC [36] . The extrapolated uncertainties, together with the observables central values, were included in the global fit in combination with the current measurements, in order to estimate the expected limits on the real and imaginary components of the top quark anomalous couplings. Since the future methods for object reconstruction at the HL-LHC are expected to be intrinsically different than the current ones, no correlation between the HL-LHC extrapolations and the current measurements were considered in this exercise.
III. RESULTS
The global fit to the top quark anomalous couplings presented in the W tb vertex Lagrangian (1) was performed with TopFit [37] for different scenarios, corresponding to different combinations of the W boson helicity fractions, single top quark production cross sections and forward-backward asymmetries measurements. Limits on the anomalous couplings were set at 95% CL, assuming a top quark mass of m t = 175 GeV, a bottom quark mass of m b = 4.8 GeV and a W boson mass of m W = 80.4 GeV, and allowing all real and imaginary components of these couplings to vary simultaneously, with the exception of V L = 1. The impact of allowing V L to vary in the global fit has been shown to be small in recent studies, in particular for the most constrained coupling, i.e. g R [38] [39] [40] .
The allowed regions for the anomalous couplings are presented in Figure 1 . The different colors in the plots represent the allowed regions extracted from different combination of measurements used in TopFit. For instance, allowed regions represented in blue-green were established using W boson helicity fractions combined with single top quark production cross section measurements at Tevatron only. The navy blue, the green and yellow regions were extracted using the Tevatron measurements progressively combined with the LHC results at 7 TeV, 8 TeV and 13 TeV, respectively. The region in orange corresponds to the combination of all measurements up to a center-of-mass of 13 TeV with the forward-backward asymmetries, and the red region corresponds to the combination of these measurements with the HL-LHC extrapolated results. As expected, a general improvement is observed whenever additional measurements are included in the global fit.
The upper left plot in Figure 1 shows the allowed region for the real and imaginary parts of g L . The impact of the LHC measurements in the global fit is clearly visible, however, the combination with the HL-LHC extrapolated measurements does not provide any significant improvement for this anomalous coupling. A similar behavior is observed in the lower left plot, representing the allowed region of the real and imaginary parts of V R . The upper right plot shows the allowed region for the real and imaginary parts of g R . A clear improvement is observed with the inclusion of the HL-LHC extrapolated measurements for both Re(g R ) and Im(g R ). For completeness, the likelihood profile of the allowed region obtained from the triple angular decay rates from single top quark events alone is represented as a purple line [41] . The complementarity of all measurements is clearly visible and their impact on the sensitivity of the g R anomalous coupling is expected to be significant. Last but not least, the allowed region for the top quark polarization versus the real part of g R is also represented in the lower right plot. A significant impact on the real part of g R is again observed with the inclusion of HL-LHC extrapolated measurements in the global fit, and no remarkable effect is observed on the top quark polarization. A summary of the one-dimensional limits is presented in Table IV , at 95% CL, for the real and imaginary parts of g R , g L and V R . The limits were extracted from the combination of W boson helicity fractions, single top quark production cross sections, and the forward-backward asymmetries measured at the Tevatron, at the LHC and extrapolated to the HL-LHC. While g L and V R show no significant improvement when the HL-LHC extrapolated results are included in the global fit, the range of the allowed values (at 95% CL) for both the real and imaginary parts of g R , improve by roughly a factor of two with respect to current limits [40] , where Re(g R 
IV. CONCLUSIONS
Limits on the top quark anomalous couplings were presented at 95% CL for different sets of observables, including the current most precise measurements on single top quark production cross sections, W boson helicity fractions and forward-backward asymmetries at Tevatron and at the LHC. An extrapolation exercise of these measurements at the HL-LHC was performed to estimate the impact on the top quark anomalous couplings of a possible future 3000 fb −1 run at a center-of-mass energy of 14 TeV. A clear improvement is observed for both the real and imaginary parts of the g R anomalous coupling when the HL-LHC extrapolated measurements are included in the global fit, corresponding to, at least, a factor 2 gain in sensitivity. No significant improvements are observed on the expected sensitivity to the remaining anomalous couplings, nor on the top quark polarization, given the current set of observables used. It should, however, be stressed that all forward-backward asymmetries are expected to play a crucial role in narrowing the limits on the imaginary part of g R and should be progressively included in a global fit.
FIG. 1:
Limits at 95% CL on the allowed regions for the top quark anomalous couplings. Two-dimensional distributions are shown for the real versus the imaginary components of gL (upper left), gR (upper right) and VR (lower left) anomalous couplings. The top quark polarization is also shown as a function of the real part of gR (lower right).
